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In Brief
Sun et al. demonstrate asymmetric interGluN2 allosteric interactions within triheteromeric GluN1/2A/2B NMDARs that result in open probability and deactivation kinetics similar to diheteromeric GluN1/2A receptors. This finding highlights the complexity in NMDAR signaling endowed by diversity in subunit composition.
INTRODUCTION
During excitatory neurotransmission in the central nervous system, glutamate is released into the synaptic cleft where this neurotransmitter reaches a high peak concentration ($1 mM) for a brief duration ($1 ms) (Clements et al., 1992) . In this short time, glutamate will bind ionotropic glutamate receptors and initiate receptor conformational changes that lead to channel gating. However, the component of this synaptic response that is mediated by NMDA-type glutamate receptors continues for tens to hundreds of milliseconds after synaptic glutamate is removed, during which time, the receptors transition between glutamate-bound open and closed conformational states until glutamate eventually unbinds and the synaptic response is terminated (Lester et al., 1990) . For NMDA receptors, these functional properties are controlled by the subunit composition (Gielen et al., 2009; Monyer et al., 1994; Yuan et al., 2009 ). The subunit diversity among NMDA receptors and assembly of different receptor subtypes with distinct functional properties enable precise tuning of the synaptic response and allows variation in the physiological roles of NMDA receptors during neuronal development (Paoletti et al., 2013; Sanz-Clemente et al., 2013; Traynelis et al., 2010) The developmental transition from diheteromeric GluN1/2B receptors to triheteromeric GluN1/2A/2B receptors (Akazawa et al., 1994; Gray et al., 2011; Monyer et al., 1994; Rauner and Kö hr, 2011; Sheng et al., 1994; Watanabe et al., 1992) accompanies maturation of neuronal circuits and alterations in synaptic plasticity (Dumas, 2005; Paoletti et al., 2013) . Our understanding of how GluN2 subunits combine to shape the functional properties of triheteromeric receptors is lacking considering the abundance of GluN1/2A/2B receptors in the adult brain and the dramatic, developmental shift in channel properties. Allosteric interactions may occur between the GluN2 glutamate-binding subunits, but the influence of such interactions on functional NMDAR properties has not been directly addressed. Our findings describe an unpredicted and asymmetric interaction between the GluN2 subunits of in triheteromeric GluN1/2A/2B receptors, which is the most abundant NMDAR in the adult forebrain.
RESULTS
Asymmetric Allosteric Interaction Occurs within Triheteromeric GluN1/2A/2B NMDARs We used an endoplasmic reticulum (ER) retention signal system to selectively express triheteromeric GluN1/2A/2B (A/B) receptors, which are assembled from two glycine-binding GluN1 and two different glutamate-binding GluN2 subunits (Figure 1A , Figure S1 ). The deactivation time constant of A/B receptors (50 ± 3 ms, n = 18) is slightly slower than that of diheteromeric GluN1/2A (A/A) receptors (36 ± 1 ms, n = 6) and much faster than that of diheteromeric GluN1/2B (B/B) receptors (333 ± 17 ms, n = 8) ( Figure 1B) . These results are consistent with previous reports on triheteromeric receptor function Stroebel et al., 2014; Tovar et al., 2013) and suggest that the function of GluN1/2A/2B is more similar to that of GluN1/2A compared to GluN1/2B. Furthermore, this observation raises the intriguing possibility that allosteric interactions exist between GluN2 subunits in GluN1/2A/2B NMDARs that endow triheteromeric receptors with unique functional properties compared to the diheteromeric GluN1/2A and GluN1/2B receptors. Since NMDAR activation requires agonist binding to all four subunits (Benveniste and Mayer, 1991) , the receptor deactivation rate in the continuous presence of glycine may be defined largely by the GluN2 subunit with fastest glutamate unbinding. To address this assumption and to conclusively test whether interactions occur between GluN2A and GluN2B subunits, we introduced two cysteine mutations into GluN2, which spontaneously form a disulfide bond that locks the ligand binding domain (LBD) in a conformation similar to the glutamate-bound state (GluN2A: K487C + N687C; GluN2B: K488C + N688C; hereafter Acc and Bcc, respectively; Blanke and VanDongen, 2008; Dai and Zhou, 2016; Kussius and Popescu, 2010) . Thus, this disulfide bond will generate ''constitutively liganded'' GluN2 subunits with high efficiency ( Figure S2 ). We used the ER retention signal method to generate receptors containing one crosslinked GluN2 and one wild-type GluN2. These receptors require glutamate binding only to the wild-type GluN2 subunit for activation ( Figure S3 ) and allow direct evaluation of deactivation from a single GluN2 subunit in the tetrameric receptor. Crosslinking one GluN2A subunit within A/A receptors (Acc/A) doubled the deactivation time constant from 36 ± 1 ms (n = 6) to 73 ± 5 ms (n = 5) (Figure 1C) , consistent with two equivalent, independent binding sites in the A/A receptor. Similarly, crosslinking one GluN2B subunit (Bcc/B) also resulted in a doubling of the B/B deactivation time constant from 333 ± 17 ms (n = 8) to 680 ± 26 ms (n = 9) ( Figure 1D ). Next, we tested whether the deactivation rate from a single GluN2 subunit is dependent on the identity of the other GluN2 subunit in the receptor complex. First, we expressed one wildtype GluN2A subunit with one crosslinked GluN2B subunit (Bcc/A). These Bcc/A receptors deactivated with a time constant (71 ± 8 ms, n = 9) that is not different from the Acc/A receptor (73 ± 5 ms, n = 5) ( Figure 1C ), indicating that deactivation from the GluN2A subunit is independent of co-expression with another GluN2A or GluN2B subunit. Surprisingly, receptors with one crosslinked GluN2A subunit and one wild-type GluN2B subunit (Acc/B) deactivate $2.7-fold faster (248 ± 10 ms, n = 10) than Bcc/B receptors (680 ± 26 ms, n = 9) ( Figure 1D ). This is a marked acceleration in receptor kinetics compared to the deactivation time course that would be predicted if the GluN2 subunits function independently as suggested by the crosslinked Acc/A and Bcc/B receptors ( Figures 1C and 1D ). This unexpected result therefore indicates that an asymmetric interaction exists between GluN2A and GluN2B subunits within triheteromeric GluN1/2A/2B receptors, in which the GluN2A subunit greatly accelerates glutamate unbinding from the GluN2B subunit (compare Bcc/B and Acc/B; Figure 1D ). In stark contrast, GluN2B has no effect on glutamate unbinding from the GluN2A subunit (compare Acc/A and Bcc/A; Figure 1C ). This unidirectional interaction shapes the deactivation time of triheteromeric GluN1/2A/2B receptors (50 ms) and brings the deactivation time closer to that of diheteromeric GluN1/2A receptors (36 ms). In theory, the deactivation time of GluN1/2A/2B receptors with independent deactivation from the two GluN2 subunits would be 66 ms (see STAR Methods).
The extracellular amino-terminal domain (ATD) of GluN2 subunits has been shown to mediate much of the variation in functional properties among NMDAR subtypes (Gielen et al., 2009; Yuan et al., 2009) . To gain insight to the structural determinants of the dominant effect of GluN2A on glutamate unbinding from GluN2B, we introduced the GluN2A ATD into the crosslinked GluN2B subunit (denoted Bacc) and the GluN2B ATD into the crosslinked GluN2A subunit (Abcc). For Abcc/B and Bacc/ B receptors, the deactivation times were markedly accelerated compared to Bcc/B receptor (Abcc/B: 246 ± 11 ms, n = 7, Bacc/B 188 ± 18 ms, n = 5; compared to Bcc/B: 680 ± 26 ms, n = 9) ( Figure 1E ). These results show that including full-length or parts of GluN2A always results in faster GluN2B deactivation, indicating the dominant role of GluN2A.
GluN2A ATD and LBD+TMD Dominate Channel Deactivation To determine whether the dominant effect of the GluN2A subunit is preserved in receptors with two functioning glutamate binding sites, we expressed the chimeric GluN2A and GluN2B subunits with swapped ATDs as both diheteromeric receptors, which contain two identical GluN2 subunits, and triheteromeric receptors, which contain two different GluN2 subunits. Introducing the GluN2B ATD into a single GluN2A subunit within A/A receptors (i.e., A/Ab receptors) slightly slowed receptor deactivation from 36 ± 1 ms (n = 6) to 48 ± 3 ms (n = 5) (Figure 2A ). Introducing the GluN2B ATD into both GluN2A subunits (Ab/Ab) further slowed the deactivation to 80 ± 8 ms (n = 6) ( Figure 2A ) but was still much faster than the deactivation of B/B receptors (333 ± 17 ms, n = 8). This result indicates that domains in addition to the GluN2 ATD determine deactivation, consistent with previous studies (Gielen et al., 2009; Hansen et al., 2013; Vance et al., 2011; Yuan et al., 2009) . In stark contrast to domain swapping in A/A receptors, introducing the GluN2A ATD into a single GluN2B subunit within B/B receptors (B/Ba) markedly accelerated deactivation from 333 ± 17 ms (n = 8) to 89 ± 8 ms (n = 7) and replacing both ATDs with those from GluN2A (Ba/Ba) did not further change the time constant (81 ± 9 ms, n = 7) ( Figure 2B ). These results further support that the GluN2A ATD plays a dominant role in determining receptor deactivation, since incorporating a single copy of the GluN2A ATD into B/B receptors causes a substantial acceleration of the deactivation time course that is not further accelerated by incorporating two copies of GluN2A ATD, whereas the GluN2B ATD does not have comparable dominant effects in A/A receptors. Similar to the ATD, the GluN2A LBD+TMD also dominates receptor deactivation. The Ab/B receptors essentially correspond to B/B receptors with the GluN2A LBD+TMD introduced to a single GluN2B subunit, and the deactivation of these Ab/B receptors is reduced from 333 ± 17 ms (n = 8) for B/B to 166 ± 7 ms (n = 6) ( Figure 2C ). In contrast, introducing a GluN2B LBD+TMD into A/A receptors (Ba/A) failed to change deactivation (A/A: 36 ± 1 ms, n = 6, Ba/A: 36 ± 3 ms, n = 4) ( Figure 2C ).
GluN2A ATD and LBD+TMD Dominate Channel Open Probability To determine whether GluN2 subunit interactions affect other properties of NMDAR gating, we tested whether the same subunit manipulations that altered deactivation also affect NMDAR open probability. We used the open channel blocker (+)-MK-801 (1 mM) to block NMDA receptor-mediated steady-state currents and used the rate of block to estimate open probability. MK-801 blocked A/A and B/B currents with time constants of 92 ± 4 ms (n = 6) and 292 ± 20 ms (n = 6), respectively ( Figure 3A) . Assuming a linear relationship between open probability and MK-801 block rate nates open probability of triheteromeric GluN1/2A/2B receptors and that this effect is mainly mediated by the GluN2A ATD (Figure 3 ; Table 1 ). This dominant role of the GluN2A subunit is consistent with structural interactions between the ATD and LBD of triheteromeric GluN2A/GluN2B-containing receptors (L€ u et al., 2017) .
DISCUSSION

Subunit Allosteric Interactions within Triheteromeric NMDARs
Recent cryo-EM data suggest that the structure of triheteromeric GluN1/2A/2B NMDARs is unique by breaking the 2-fold symmetry of diheteromeric GluN1/2B receptors (L€ u et al., 2017) . Our study shows a direct functional consequence of losing this structural symmetry: GluN2A and GluN2B interact asymmetrically, and GluN2A dominates this interaction resulting in a high open probability and fast deactivating receptor. We therefore identify functional consequences of asymmetry in GluN1/2A/2B NMDARs that were not detected in previous reports describing triheteromeric receptor function Stroebel et al., 2014; Tovar et al., 2013) and cannot be determined from static cryo-EM protein structures (L€ u et al., 2017) . Since the cloning of NMDA receptor subunits 25 years ago, these allosteric interactions between glutamate binding GluN2 subunits have not been revealed, and because of this, the GluN2 subunits have been assumed to operate independently (Clements and Westbrook, 1991) .
Significance of the GluN2A-Dominant Allosteric Interaction during Development
The developmental inclusion of GluN2A in triheteromeric NMDARs substantially speeds up channel deactivation (Carmignoto and Vicini, 1992; Flint et al., 1997; Gray et al., 2011; Roberts and Ramoa, 1999; Stocca and Vicini, 1998) and therefore shortens the window for coincidence detection (Erreger , 2005) . How GluN2A accomplishes this feat is not entirely clear. Our results indicate that GluN2A dictates not only the fast deactivation, but also increases open probability, in part, through allosteric interactions that override the kinetic properties of the GluN2B subunit. Previous studies suggest that the fast deactivation time course of triheteromeric GluN1/2A/2B receptors is governed by the GluN2A subunit, but the mechanistic basis for the fast deactivation time course has not been explicitly investigated Stroebel et al., 2014; Tovar et al., 2013) . Here, we demonstrate that a GluN2A-dominant allosteric interaction speeds up deactivation from the neighboring GluN2B subunit ( Figure 1D ) and results in a 26% faster deactivation time constant (50 ms) for triheteromeric GluN1/ 2A/2B receptors than expected if subunits were assumed to function independently (66 ms) ( Figure 1B , also see STAR Methods). The high open probability of triheteromeric receptors suggests that the GluN2A subunit also dominates receptor gating ( Figure 3A) . Thus, the GluN2A-dominant allosteric interaction forces the triheteromeric GluN1/2A/2B receptor into a ''GluN1/2A-like'' state and significantly shapes the amplitude and duration of current flux, and presumably Ca 2+ dynamics. Since the diheteromeric GluN1/2B to triheteromeric GluN1/2A/2B receptor transition is ubiquitous in the forebrain during development and coincides with learning, the fast deactivating triheteromeric NMDAR is likely crucial for reliable adult brain function. Consistent with this, GluN2A conditional KO mice show altered synaptic plasticity and disrupted learning (Andreescu et al., 2011; Sakimura et al., 1995; Zhao and Constantine-Paton, 2007) . The GluN2A-dominant allosteric interaction is necessary for producing NMDARs with faster kinetics and higher open probability that enables a balance optimal for information processing and storage (Dumas, 2005) .
In addition, the kinetic dominance of the GluN2A subunit in triheteromeric NMDARs results in a GluN1/2A-like receptor while maintaining the presence of a GluN2B subunit. GluN2B subunits are involved in critical functions such as receptor trafficking, localization, and intracellular signaling (Barria and Malinow, 2005; Delaney et al., 2013; Foster et al., 2010; Lau and Zukin, 2007; Tang et al., 2010) . Whether triheteromeric GluN1/ 2A/2B NMDARs maintain the intracellular signaling properties of GluN1/2A and GluN1/2B diheteromeric receptors remains an open question. Tang et al. (2010) suggested a dominant role for the GluN2B subunit in controlling trafficking of triheteromeric GluN1/2A/2B receptors to recycling endosomes and showed that recycling of GluN2B-containing NMDARs in wildtype neurons is not significantly different from GluN2A-deficient neurons. Such dominant properties of GluN2B in regulating certain trafficking properties of triheteromeric GluN1/2A/2B NMDARs is in contrast to our demonstration of the dominant role of GluN2A in receptor function and highlight the complexity created by subunit diversity in NMDARs. The regulation and localization of GluN2A and GluN2B by MAGUK proteins (e.g., PSD-95 and SAP102) remains elusive (Sanz-Clemente et al., 2013) . This could be due, at least in part, to unexpected properties of triheteromeric GluN1/2A/2B NMDARs and the absence of these receptors in working models of NMDAR trafficking. Previous studies on the trafficking properties of GluN2A and GluN2B subunits may have overlooked the possibility that triheteromeric GluN1/2A/2B NMDARs have distinct regulatory and signaling properties resulting from the dominant behavior of one intracellular GluN2 C-terminal domain over the other. Future studies are needed to address the possibility that GluN1/2A/2B triheteromeric receptors retain the interactions with intracellular proteins that preferentially bind to the Deactivation time constants and time constants for MK-801 block were obtained by fitting current traces using double exponential and single exponential functions, respectively. For estimation of open probability (Po), 1 mM (+)-MK-801 was used to block currents activated by 100 mM glycine plus 1 mM glutamate at pH 8.0. MK-801 block rates (1/t) for all receptors were divided by the block rate of diheteromeric GluN1/2A receptors (A/A) to obtain the scaling factors and Po was calculated by multiplying the previously determined Po of GluN1/2A receptors at pH 8.0 (Yuan et al., 2009 ) by the scaling factor determined for each receptor. Data are shown as mean ± SEM; nd, not determined.
intracellular C-terminal domain of the GluN2B subunit, such as RAS-guanine-nucleotide-releasing factor 1 (RASGRF1) (Krapivinsky et al., 2003) , PSD-95-neuronal nitric oxide synthase complex (Martel et al., 2012) , and Ca 2+ /calmodulin-dependent protein kinase II (CaMKII) (Barria and Malinow, 2005) . It is possible that triheteromeric GluN1/2A/2B NMDARs have the hybrid properties of being kinetically dominated by the GluN2A subunit while maintaining the intracellular signaling or trafficking properties of the GluN2B subunit, thereby allowing these receptors to play unique physiological roles.
In this study, we provide key insights on how GluN2A and GluN2B cooperatively determine the function of triheteromeric GluN1/2A/2B NMDARs. The asymmetric allosteric interactions between GluN2 subunits highlight an important feature of NMDARs. That is, the function of triheteromeric receptors cannot be accurately predicted solely from the function of the corresponding diheteromeric receptors. As demonstrated in this study, unexpected properties can arise from combining different subunits into the NMDAR complex. Furthermore, our findings support the possibility that unique intra-and inter-subunit interfaces exist in triheteromeric GluN1/2A/2B NMDARs, which are not present in diheteromeric GluN1/2A and GluN1/2B NMDARs (L€ u et al., 2017) . The distinct structure and function of GluN1/ 2A/2B NMDARs create opportunities for the development of novel modulators, which are selective for triheteromeric over diheteromeric receptors and could provide a path forward for selectively targeting GluN1/2A/2B NMDARs in the treatment of neurological and psychiatric disorders.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Xenopus laevis oocytes Xenopus laevis oocytes (Xenopus 1, http://www.xenopus1.com) were used for receptor expression and two-electrode voltage clamp (TEVC) recordings. Group sample sizes were chosen based on previous studies and no statistical methods were used to predetermine sample size. Recordings were obtained 2-5 days following cRNA injection.
HEK293 cells
HEK293 Tet-On Advanced cells were used for heterologous expression and patch-clamp recordings. Cells were obtained from Clontech and were not further authenticated. Cells were grown and maintained using standard protocols at 37 C with 5% CO 2 . Group sample sizes were chosen based on previous studies and no statistical methods were used to predetermine sample size. Recordings were obtained 24-48 hr following transfection.
